In electrodischarge machining (EDM), the thermal energy causing material removal at the electrodes is given by the electrical energy supplied to the discharge. This electrical energy, also known as the discharge energy, can be obtained from time-transient voltage and current waveforms across the electrodes during a discharge. However, in micro-EDM, the interelectrode gaps are shorter causing the plasma resistance to be significantly smaller than other impedances in the circuit. As a result, the voltage and current waveforms obtained by a direct measurement may include voltage drop across the stray impedances in the circuit and may not accurately represent the exact voltage drop across micro-EDM plasma alone. Therefore, a model-based approach is presented in this paper to predict time-transient electrical characteristics of a micro-EDM discharge, such as plasma resistance, voltage, current, and discharge energy. A global modeling approach is employed to solve equations of mass and energy conservations, dynamics of the plasma growth, and the plasma current equation for obtaining a complete temporal description of the plasma during the discharge duration. The model is validated against singledischarge micro-EDM experiments and then used to study the effect of applied open gap voltage and interelectrode gap distance on the plasma resistance, voltage, current, and discharge energy. For open gap voltage in the range of 100-300 V and gap distance in the range of 0.5-6 lm, the model predicts the use of a higher open gap voltage and a higher gap distance to achieve a higher discharge energy.
Introduction
EDM is a machining process that utilizes electrical discharges between two electrodes that are separated by a small gap filled with dielectric liquid. When a sufficient voltage is applied between the electrodes, initial resistance of the interelectrode gap decreases rapidly as the current in the gap increases to form a highly conductive plasma channel. The plasma contains high energy ions and electrons that cause electrode erosion via melting and evaporation. It is the electrical resistance of the plasma along with the circuit current that dictates the evolution of interelectrode voltage (i.e., discharge voltage) and more importantly, the amount of electrical energy going into a discharge. During a discharge, this electrical energy is converted into a thermal energy of ions and electrons to cause material removal and can be manipulated to maximize the material removal rate (MRR) [1] [2] [3] [4] . The shape of discharge voltage and current waveforms can also be used to sense the interelectrode gap conditions during a machining operation and control the electrode feed for greater stability and productivity [5, 6] . Therefore, it is important to study the dynamics of the plasma resistance and subsequent evolution of discharge voltage and current waveforms in order to understand the material removal mechanism in EDM and achieve higher productivity.
The information about the transient resistance of the plasma and the energy of the discharge can be obtained, in principle, from the discharge voltage and current waveforms that are commonly measured during an EDM operation [5] [6] [7] [8] . However, in micro-EDM, the interelectrode gaps (1-10 lm) are much shorter compared to conventional EDM. Therefore, the plasma resistance during a discharge is very small and comparable to the other resistive and reactive components in the EDM circuit. As a result, the voltage and current waveforms obtained by a direct measurement may not accurately represent the actual plasma voltage/current due to any stray circuit impedance between the plasma and the point of measurement. Due to physical limitations on how close to the actual discharge location the measurement can be obtained, the measured voltage will always be much higher than the actual plasma voltage, thereby, leading to an overestimation of the discharge power. Also, sensitivity of the measurement device may not be sufficient to capture the rapid collapse of the interelectrode voltage during narrower pulse-widths (<10 ls) [8] . A modelbased approach, however, can prove to be helpful in this case to obtain a more accurate estimation of voltage and current characteristics of the discharge. With this purpose, many attempts have been made by researchers to model the transient behavior of highvoltage underwater discharges [8] [9] [10] [11] . However, there is a lack of such modeling efforts in the case of micro-EDM plasma. A typical micro-EDM plasma is characterized by shorter interelectrode gaps (1-10 lm), lower discharge energies, and narrower pulse-widths (up to 10 ls). Therefore, models for the high-voltage underwater discharges cannot be applied to micro-EDM plasma.
The purpose of this paper is to predict the time-transient behavior of micro-EDM plasma resistance and thereby, obtain accurate information about the time-transient plasma voltage/current waveforms and the discharge energy, which plays a crucial part in material removal. A 0D plasma model developed earlier by the authors [12] is used to model the micro-EDM plasma. The model is further enhanced by adding the physics of plasma resistance and a new electrical circuit solver module to solve for the currents in the discharge circuit.
The rest of the paper is divided as follows: The formulation of the enhanced plasma model [12] is discussed first in Sec. 2. Model evaluation and experimental validation of the model-based electrical characteristics of the plasma are presented in Sec. 3. Results of the plasma model for a variety of discharge conditions are discussed in Sec. 4 followed by conclusions in Sec. 5.
Model Formulation
To model the electrical characteristics of the micro-EDM plasma, a new electrical circuit solving module is added to the previously developed micro-EDM plasma model [12] . The micro-EDM plasma model uses a global modeling approach that assumes a spatially uniform plasma (0D) in the gap to predict time-transient characteristics of the plasma. A complete description of the micro-EDM plasma offered by 0D plasma model such as discussed in Ref. [12] is necessary to predict the electrical resistance of the plasma because characteristics of the plasma, such as plasma composition, temperature, size, and plasma resistance, are interdependent. The plasma resistance during a discharge is a function of time-varying electron density of the plasma and the size of the plasma. In a dielectric, like deionized (DI) water, the electrons are generated by dissociation and ionization of H 2 O molecule into different atoms/molecules/ ions and their subsequent chemical interactions. The reaction rates of the chemical reactions of these species are functions of the plasma temperature that again depends on the electrical energy going into a discharge. Figure 1 presents the schematic of the 0D micro-EDM plasma model [12] . As shown in the figure, the enhanced model consists of four modules, namely, plasma chemistry, power balance, plasma bubble dynamics, and a new electrical circuit solver module. With the help of plasma chemistry, power balance, and plasma bubble dynamics modules, the model solves simple equations of mass conservation and energy conservation along with plasma bubble dynamics to predict first-hand estimates of time-transient plasma characteristics, such as plasma composition, density, plasma temperature, radius, pressure, and the heat flux to electrodes. By addition of a new electrical circuit solver module, the model can also predict the evolution of plasma resistance, voltage/current waveforms, and amount of discharge energy, which was not possible previously with the original model. This also eliminates the need to provide the voltage and current waveform measurements from the experiments as an input to the model, thereby, improving the predictive power of the plasma model. A brief description of each of these modules is given below. More details about the mathematical formulation of the model can be obtained in Ref. [12] .
2.1 Plasma Chemistry. As H 2 O is a triatomic molecule, there is a multitude of possible reactions and different chemical pathways (combination of reactions leasing to same product) in its plasma phase. The plasma chemistry module solves for the concentrations of different neutral and ionic species in the plasma by considering the chemical kinetics of these reactions. For computational simplicity, a set of 41 dominant reactions involving 19 species have been considered in this model. The list of all the species and the temperature-dependent reaction rates used in this model can be found in Ref. [12] . In the H 2 O plasma, recombination and charge transfer reactions dominate at lower temperatures of the reactants (T < 10,000 K), while at higher temperatures (T > 10,000 K), dissociation and ionization reactions become dominant.
Power Balance.
Temperature of the species is given by the power balance module. Since the electrons have significantly smaller mass than all the other species in the plasma, a separate temperature (T e ) is assigned to electrons, while the rest of the species are assumed to be at the same temperature (T g ). The power balance module, therefore, solves two separate power balance equations, one for the electrons and another for rest of the species by balancing the electrical power input with losses via radiation, elastic/inelastic collisions, mechanical work in plasma expansion, etc.
Plasma Bubble Dynamics.
To predict the growth of the plasma channel, plasma is assumed to be a spherical bubble in shape and growth of the plasma bubble is modeled using Kirkwood-Bethe approximation in the bubble dynamics module. The bubble dynamic model solves for the radius and speed of expansion of the plasma bubble during the discharge. The radius of the plasma bubble determines the area of the plasma in contact with the workpiece, which is crucial for calculating the resistance of the plasma channel as discussed in Sec. 2.4. More details about the formulation of plasma bubble dynamics can be found in Ref. [12] .
Electrical Circuit Solver.
To model the voltage and current during a micro-EDM plasma discharge, electrical circuit solver module was added to the existing plasma model. This module solves equations for the electrical circuit that generates the voltage pulse to the electrodes. A transistor-based resistor-capacitor (RC) discharge circuit typically used for micro-EDM is shown in Fig. 2(a) . This circuit uses an metal-oxide-semiconductor fieldeffect transistor (MOSFET) to control the pulse-width of the voltage pulse provided by an RC discharge. After accounting for the impedances in the circuit due to component structure and wiring, an equivalent circuit is shown in Fig. 2(b) . In the equivalent circuit, the plasma is assumed to be a simple resistor element with time-varying resistance as it evolves during the discharge. Other Transactions of the ASME impedances in the circuit are modeled as resistor and inductor elements in series.
To calculate the plasma resistance, direct current (DC) conductivity (r DC ðS=mÞ) of the plasma (H 2 O plasma in this case) is determined first using cold plasma approximation [13] r DC ¼ e 2 n e m e m;e
where e (C) is the electronic charge, n e ðm À3 Þ is the number density of electrons, m e ðkgÞ is the electronic mass, and m;e ðs À1 Þ is the collision frequency of the electrons with neutrals. As the conductivity of the plasma is directly proportional to electron density, it changes as the electron density changes during the discharge. From the conductivity, a resistance of the plasma (R plasma ðXÞ) is obtained by a simple approximation
where L (m) is the interelectrode gap distance and A w (m 2 ) is the area of workpiece (anode) in contact with the plasma bubble given by plasma bubble dynamics module. Now, the equations solving for plasma current (I plasma (A)) and plasma voltage (V plasma (V)) can be written for the equivalent circuit shown in Fig. 2(b) as
where R i ðXÞ and L i ðHÞ are the resistances and inductances in the circuit (refer to Fig. 2(b) ), respectively. C ðFÞ is the capacitance and Q (C) is the charge in the circuit. Equations (3) and (4) are rearranged as ordinary differential equations (ODEs) in variable Q and are then solved simultaneously with ODEs from other modules of the plasma model [12] .
Model Evaluation and Validation
To evaluate the model, the micro-EDM circuit used to generate the discharge voltage (refer to Fig. 2(a) ) was characterized first. Using an LCR meter (Instek LCR-817) and a TENMA 72-8150 electrical meter, initial estimates of the different circuit components, i.e., R 1 ; R 2 ; R 3 ; R 4 ; L 1 ; L 2 ; and L 3 , of the equivalent circuit shown in Fig. 2(b) were obtained. During this exercise, the electrodes were assumed to be in short-circuit condition, i.e., in electrical contact with each other such that R plasma ¼ 0 (refer to Fig. 2) . Gray-box model estimation toolbox of MATLAB [14] was then used for each pair of points in the circuit including (P 1 , P 2 ), (P 3 , P 4 ), and (P 4 , P 5 ) to obtain the final estimates of these resistances and inductances. For example, to obtain the values of R 1 and L 1 , a simple ordinary differential equation was written for circuit path between the points P 1 and P 2 as
Here, I short denotes the current in the circuit shown in Fig. 2 (b) in short-circuit condition, i.e., when R plasma ¼ 0 and V 1,2 is the voltage across points P 1 and P 2 . The time-dependent waveform of V 1,2 was obtained experimentally by sending a 100 V pulse with pulse-on-time of 5 ls in the circuit and measuring the voltage drop across points P 1 and P 2 . The current in the circuit (I short ) was also measured by measuring voltage drop across resistance (R 2 ) between points P 2 and P 3 with initial estimate of R 2 ¼ 0:60 X. Treating the experimental value of V 1,2 as the input and experimental value of I short as the output in Eq. (5), linear gray-box model estimation tool in MATLAB was used to estimate the values of R 1 and L 1 . The values of R 1 and L 1 obtained from the direct measurement were used as an initial guess to arrive at final estimates of R 1 and L 1 such that the value of I short obtained by Eq. (5) matches with the experimental measurement of I short (normalized root-mean-square error <1%). Using a similar procedure, the final estimates of R 3 ; L 2 ; R 4 , and L 3 were obtained as well. The final values of all the circuit components are given in Table 1 .
With known circuit parameters and given machining conditions, i.e., open gap voltage (V 0 ), interelectrode gap distance (L), and initial dielectric conductivity (r dc,0 ); the ODEs from plasma chemistry, power balance, plasma bubble dynamics, and electrical circuit solver modules were solved in coupled-manner to obtain evolution of plasma characteristics, i.e., plasma composition, plasma temperature, radius, pressure, and heat flux to electrodes along with plasma voltage and current. Details of the ODEs used in the plasma chemistry, power balance, and plasma bubble dynamics modules can be obtained in Ref. [12] .
To validate the model, single-discharge experiments were carried out on a customized micro-EDM setup consisting of a hybrid Table 1 Measured values of micro-EDM circuit components
RC-transistor based circuit shown in Fig. 2(a) . Fig. 2(a) was collected and to measure the current, voltage drop across points P 2 and P 3 was collected. Points P 3 and P 4 are points in the circuit, which are directly connected to the electrodes by means of a long electrical wires. As discussed previously, the voltage measured across points P 3 and P 4 is not the actual discharge voltage due to stray impedances (R 3 and L 2 ) corresponding to the wiring between these points (refer to Fig. 2(b) ) and the actual plasma. By measuring the stray impedances between the measurement points, voltage drop across P 3 and P 4 , i.e., V 3,4 , was simulated using the model and then compared with the experimental value. Similarly, model prediction of plasma current was compared with the experimental measurement of current obtained by dividing voltage drop across P 2 and P 3 by R 2 . The comparison plots of model prediction and experimental data with mean 6 standard deviation from 15 trials have been shown in Fig. 3 . It can be seen from Figs. 3(a) and 3(b) that the model predictions of V 3,4 and plasma current match reasonable well with the experimental measurement.
As the resistance of the plasma during the discharge is very small, it is difficult to obtain a direct measurement of the exact voltage drop across the tips of the electrode. Therefore, to obtain actual plasma voltage during a discharge, separate experimental trials were conducted by sending 100 V voltage pulse with pulseon-time of 5 ls through the circuit in short-circuit condition, i.e., with EDM electrodes in contact with each other. Measurements of the voltage across points P 3 and P 4 (V 3,4,short ) and the circuit current (I short ) during these trials were then used along with the corresponding voltage and current measurements (V 3, 4 Figs. 3(c) and 3(d) that the model predictions of plasma voltage and resistance lie within the limits of experimental error and capture the trends reasonably well. The mean values of the experimental plasma voltage and resistance are seen to be slightly higher than the model predictions, which can be attributed to the assumption of a spatially uniform plasma in the model. Note that the actual electrical discharge in water is spatially nonuniform with the plasma channel concentrated at the center of a larger water vapor bubble surrounding the plasma [17, 18] . This may give rise to a higher plasma resistance than estimated from the model prediction. 
Results and Discussion
The enhanced micro-EDM plasma model discussed in Sec. 2 can be used to simulate the plasma characteristics, such as plasma composition, temperature, pressure, radius, and heat flux along with the plasma electrical characteristics, i.e., resistance, voltage/ current waveforms and discharge energy, during a micro-EDM 
Evolution of the Electrical Characteristics During a
Typical Discharge. For a typical micro-EDM discharge with V 0 ¼ 100 V, L ¼ 1 lm, and r dc,0 ¼ 10 lS/cm, time-evolution of the electrical characteristics of plasma, i.e., plasma voltage, current, resistance, and power, is plotted in Fig. 4 . The discharge is simulated for discharge duration of t d ¼ 5 ls. Time-averaged values of the electrical characteristics are tabulated in Table 2 . From Eqs. (1)- (4), it is clear that the resistance of the plasma is governed by evolution of the electron density and size of the plasma during the discharge. During a typical micro-EDM discharge, electron density of the plasma shows a steep increase within first few nanoseconds to its maximum value before starting to decay slowly as the discharge progresses [12] . At the same time, due to pressure created by various ionic/neutral species formed by dissociation and ionization of the water molecule; the plasma bubble continues to expand radially outward, which increases its area of contact (A w ) with the workpiece. Therefore, during the first few nanoseconds, increase in electron density as well as the plasma bubble size cause the resistance of the plasma to collapse rapidly as shown in Fig. 4(a) . However, once the electron density starts to decay from its peak value, resistance of the plasma shows a gradual decrease in its value for most of the discharge duration. Figure 4 (c) shows that as the resistance of plasma drops due to formation of plasma channel, a plasma current is established in the interelectrode gap and it continues to grow as the resistance decreases. Model predicts plasma resistance of 20 mX at the end of discharge duration of 5 ls, while the maximum current in the plasma channel reaches %57 A at the end of the discharge. Due to a drop in resistance, the discharge voltage, i.e., plasma voltage, is seen to drop from initial open gap voltage of V 0 ¼ 100 V to about 1.11 V at the end of 5 ls. Figure 4 (b) also depicts the modelpredicted voltage drop across points P 3 and P 4 in the circuit (Fig. 2(b) ) since an experimental measurement is typically obtained away from the electrodes, such as across points P 3 and P 4 . Comparing the model-predicted voltage across points P 3 and P 4 to the plasma voltage in Fig. 4(b) suggests that a voltage measurement obtained experimentally can overestimate the plasma voltage by almost one to two orders of magnitudes. Using the waveforms of voltage and current, electrical power going into a discharge is plotted against time as shown in Fig. 4(d) and it shows that the plasma power is much less than the predicted power across points P 3 and P 4 . To obtain electrical energy of a discharge, numerical integration of the electrical power can be performed, which suggests that the discharge energy for the typical discharge is 220 lJ as compared to predicted value of 5200 lJ across points P 3 and P 4 .
Effect of Open
In micro-EDM, the thermal energy causing electrode erosion comes from the electrical energy during a discharge. This electrical energy, also known as the plasma discharge energy, is a result of time-transient plasma voltage and current waveforms that are developed due to evolution of the plasma resistance during the discharge. Therefore, to understand the mechanism of material removal in micro-EDM, knowledge of the electrical characteristics of the micro-EDM plasma, i.e., plasma resistance, plasma voltage, plasma current, and the discharge energy, is essential. To study the effect of key micro-EDM process parameters, such as open gap voltage and gap distance, on these electrical characteristics, simulation experiments were designed with four levels of open gap voltage (V 0 ) and eight levels of interelectrode gap distance. The levels for these parameters are chosen so as to cover a wide range of open gap voltages and gap values typically used in micro-EDM and are tabulated in Table 3 .
As seen from Fig. 4(a) , the plasma resistance value shows a rapid collapse during first microsecond of the discharge before settling down to a smaller value for the rest of the discharge duration. The plasma voltage too, shown in Fig. 4(b) , follows a similar trend. The plasma current, however, shows a continuous increase before reaching to its maximum value at the end of the discharge (see Fig. 4(c) ). Therefore, to characterize the time-transient waveforms of the plasma resistance and the plasma voltage, their final value (at t ¼ 5 ls) is used, while the plasma current waveform is characterized by its time-averaged value during the discharge. Figure 5(a) shows the effect of open gap voltage and gap distance on the final plasma resistance. As seen from the figure, higher gap distance increases the resistance of the plasma during a discharge for a given open gap voltage. This is due to the combined effect of electron density, size of the plasma, and the gap distance. Increase in the gap distance increases the electron number density [12] , however, decreases the radius of the plasma. As seen from Eq. (2), the resistance of the plasma is directly proportional to gap distance and inversely proportional to the size of the plasma and electron density. Therefore, as gap distance increases, the plasma resistance increases for a given open gap voltage. However, for a given gap distance, increase in open gap voltage decreases the resistance. This can be explained by the fact that as voltage is increased, both electron density and plasma size increase [12] causing resistance of the plasma to drop according to Eq. (2). Fig. 5(a) , is approximately two orders of magnitude smaller than other resistances in the circuit (Table 1) . Therefore, for all practical purposes, the total resistance of the circuit remains at nearconstant value regardless of the changes in the plasma resistance. As a result, an increase in the plasma resistance following an increase in the gap distance does not significantly affect the value of the current in the circuit for a given open gap voltage. However, the plasma current increases when a higher open gap voltage is applied due to Ohm's law (I ¼ ðV=RÞ). Fig. 5(a) , discharge energy of the plasma increases with an increase in the gap distance following Ohmic (J) heating law (energy a I 2 R plasma ). On the other hand, when the applied open gap voltage is increased at a given gap distance, plasma resistance decreases but current increases. As a combined result, the discharge energy of micro-EDM plasma is seen to increase with an increase in the open gap voltage when gap distance is held constant. Many experimental studies have shown that a higher discharge energy results in a higher MRR in EDM [15, [19] [20] [21] [22] [23] .
Conclusions
This paper explains development of an enhanced micro-EDM plasma model in DI water. A new electrical circuit solver module was added to the recently developed plasma model [12] to solve for time-transient electrical characteristics of the plasma, such as plasma resistance, plasma voltage, and current. Simulation experiments were also carried out to investigate the effect of applied open gap voltage and interelectrode gap distance on micro-EDM plasma resistance, plasma voltage, current, and the discharge energy. Specific conclusions of the research are as follows:
(1) To solve for the plasma voltage and plasma current during a micro-EDM discharge, plasma was modeled as a simple resistor element to solve the current equation for the EDM pulse-generating circuit. To obtain the resistance of the plasma, dc conductivity of the plasma was used along with the size of the plasma given by the plasma bubble dynamics module. (2) The model was validated by carrying out single-discharge experiments at open gap voltage of 100 V, interelectrode gap of 1 lm, and pulse-on-time of t d ¼ 5 ls. (3) From the model predictions, it is seen that the resistance of gap after the plasma formation drops to a value that is almost two orders of magnitude smaller compared to the equivalent impedance of rest of the micro-EDM discharge circuit. This leads to a sharp voltage drop across the electrodes that may be difficult to obtain accurately by a direct measurement due to presence of any stray resistances between the measurement points. Also, due to smaller value of plasma resistance, any stray resistance present between the measurement points across the plasma may lead to overestimation of the actual plasma voltage. As a result, the discharge energy that is going into the plasma during each discharge and causing material removal in micro-EDM may be overestimated as well. (4) The energy of a discharge is dictated by the resistance of the plasma and the current in the circuit (same as the plasma current). Application of a higher open gap voltage decreases the plasma resistance but increases the plasma current resulting in an increase of the discharge energy for a given gap distance. Whereas, an increase in the interelectrode gap distance increases the plasma resistance but does not affect the plasma current, thereby, increasing the discharge energy at a fixed open gap voltage. (5) For open gap voltage in the range of 100-300 V and gap distance in the range of 0.5-6 lm, the enhanced model of micro-EDM plasma suggests that a higher open gap voltage and higher interelectrode gap distance can be used to obtain a higher discharge energy, which can lead to a higher MRR [15, [19] [20] [21] [22] [23] . Also, the predictions of time-transient discharge power can be used in micro-EDM material removal models [23] [24] [25] [26] [27] to estimate the heat flux given to the electrodes during a discharge.
